Abstract: A mathematical model based upon the conservation and heat transfer equations has been developed to predict the thermal behavior of integrated phase change material in solar collector during thermal storage. The model includes fusion of the phase change material as well as sensible heat. The thermal behavior of the phase change material during charging and discharging have been studied numerically, and analyzed under different conditions. Comparisons were made against experimental data for validation of the predictive model. The model fairly predicted experimental data obtained at various inlet conditions.
Introduction
Interest in solar energy has increased as a result of environmental considerations and rational energy management. Thermal energy storage plays a significant role in practical and rational energy usage. Energy storage can be defined as the storage of energy that can later be utilized. The thermal energy can be stored as sensible, and latent, as well as thermochemical heat.
Excellent thermal properties such as high thermal storage capacity, good heat transfer rate between the heat storage material and heat transfer fluid and good stability to avoid chemical and mechanical degradation, are the key factors to viable solar thermal energy storage system [1] [2] [3] [4] [5] [6] [7] [8] . Phase change materials (PCMs) can store/release a significant amount of heat during melting/solidification phase change processes. Paraffins are widely used as heat of fusion storage material due to their availability in a large temperature range [7] .
A comparison of five commercial paraffin waxes as latent heat storage materials has been presented by Ukraincyk et al. [9] . The temperatures, heat capacities, of solid, and liquid paraffin waxes were measured by differential scanning calorimetry DCS. The thermal diffusivity was determined by utilizing the transient method. Experimental investigation was carried out by Khot [10] to understand the improvement of thermal storage system using water-PCM in comparison with water. The experiments were conducted for the same heat input during accelerated conditions in both Water-PCM and also water inside a thermal storage tank system. Lin et al. [11] reported on an experimental investigation of solar water heater with thermal storage. A study of an integrated paraffin wax phase change material in a flat plate solar collector was carried out. The PCM gave the highest performance when considering the day and night time efficiency compared to the case without PCM.
Thaib et al. [12] studied solar power system used to heat water for night time activities in rural areas with integrated paraffin wax in solar collectors. They reported that the efficiency of the solar collector increased by 36.6% with the use of paraffin wax. Senthilkumar et al. [13] conducted an investigation of solar water heater using phase change material embedded in the bottom of an absorber solar plate collector. During the off-sunshine hours, the phase change material releases heat to heat the water which results in higher efficiency of the solar collector.
The objective of this paper is to study the behaviour of phase change material integrated in solar plate collectors, to this end, a mathematical model for predicting the heat stored in integrated solar panel is presented. The model was established by integrating the energy conservation equations coupled with the heat transfer equations of the phase change material and heat transfer fluid. In the following sections, simulations of a thermal solar panel with integrated paraffin wax will be presented and analyzed. In addition, several experimental data are used to validate the proposed mathematical model. This model is intended, in particular, to study the effect of operating conditions such as solar radiation, working fluid flow rates, initial working fluid and paraffin wax temperatures on the phase change material and system performance as well as the thermal conversion efficiency of the integrated paraffin solar panel.
Mathematical Model
A schematic of the system under study is depicted in Fig. 1 . The system consists of a thermal solar panel, thermal tank, and paraffin wax, piping and pump as well as control valves. The phase change material is paraffin wax. Paraffin is safe, reliable and environmentally sound. Paraffins are waxes at room temperature. Paraffin wax has good thermal energy storage density and low thermal conductivity. The paraffin was embedded in the solar panel and integrated into the heat exchanger in the solar panel as per Fig. 1 and 2 . In order to write the energy conservation and heat transfer equations, the solar panel integrated paraffin wax heat exchanger was numerically divided into different elements as shown in Fig. 2 and 3 . The proposed model is based on the following assumptions: PCM is homogeneous and isotropic, HTF is incompressible and it can be considered as a Newtonian fluid, inlet velocity and inlet temperature of the HTF are constant, PCM is in the solid phase for melting or in the liquid phase for solidification, thermophysical properties of the HTF and the PCM are constant. The phase change material experiences three phases; solid, liquid and mushy. The solid and liquid phases have sensible heat additions and the mushy has latent heat addition. The conservation equations and heat transfer equations were written for each element as follows for each of the phases of from solid, mushy and liquid phases.
Energy conservation equation:
The heat released by the heat transfer fluid HTF by each tube can be written as follows, [14] ,
∆ : the heat transfer fluid temperature difference ∆ : the phase change material temperature difference. , Heat per tubes (kJ) The heat balance for the heat exchanger tube in the tank can be as follows [15];
Where the heat transfer coefficient is approximated as [15] ;
Where:
-, Number-Reynolds 
Where: @, number of tubes in solar panel Equation (2) with the finite-difference formulation of the time derivative can be written for the solid phase as follows;
Solid phase:
Where: Mushy phase: 
Discharge phase: During the discharge process phase change material experiences phase change from liquid to mushy and solid while yielding heat that is absorbed during the charging process. The water mass flow rate of heat transfer fluid during the discharge process can be calculated by;
Therefore, the total heat absorbed during the charging process by the phase change material during solid, mushy and liquid phases is:
Where: m pcm : mass of PCM per finite different element
Numerical Procedure
Equations (1) through (11) describing the energy conversion and heat transfer taking place during charging and discharging periods for phase change material, PCM, paraffin in a thermal solar panel have been solved as per the logical flow diagram shown in Fig. 4 where the input independent parameters are defined and other dependent parameters were calculated and integrated in the system of finite-difference equations. Iterations were performed until a solution is reached with acceptable iteration error.
The numerical procedure starts with using the solar radiation to calculate the mass flow water circulating in the solar panel. This is followed by using the finite difference formulation to predict the temperature profile of the phase change material and heat transfer fluid flow during the charging and discharging periods for the three phases; solid, mushy and liquid. 
Discussion and Analysis
The aforementioned system of equations (1) through (11) in finite-difference formulation has been numerically solved for different phase change materials (three paraffin waxes) and samples of the predicted results are plotted in Fig. 6 through 18 under different inlet conditions such as solar insolation, heat transfer fluid flow rates and heat transfer fluid temperatures. Specifications of each paraffin wax are given in Table 1 . In general, it is quite clear from these figures that the temperature of paraffin wax increases during the charging process and decreases during the discharging. The rate of increase and decrease of the temperature depends on the thermodynamic and thermophysical properties of the paraffin wax, solar insolation and heat transfer between the heat transfer fluid and the paraffin wax material as well as initial conditions.
In the following sections, the impact of various aforementioned parameters will be presented and discussed. Tab. 1 includes properties of various paraffin waxes under investigation with different melting temperatures. In particular Fig. 5 presents the time variation of solar insolation (W/m2) measured at the site and employed in the simulation. It is quite clear that the intensity of radiation depends upon the hour of the day and the month of the year. The average values of radiation insolation were used in the present study. Fig. 6 presents the heat transfer profile between the paraffin wax PCM1 and the heat transfer fluid with solar radiation 550 W/m 2 during the charging process. The maximum temperature attained by paraffin wax during this process was 48°C. The impact of solar radiation on the behaviour of paraffin during the charging process is illustrated In Fig. 6 . where, the paraffin wax temperature was plotted at various solar radiations; 550, 750 and 1000 W/m 2 . The results showed that higher solar radiation received by the absorber plate leads to higher heat transfer fluid, water, temperature. However, less solar radiation intensity results in reducing the outlet water temperature. It is also quite evident from this figure that that the higher the solar radiation the higher the paraffin temperature. Similar behaviour has been observed in Fig. 7 . through 11 for paraffin wax PCM 2 and PCM 3 [Tab. 1]. Fig. 11 , 12 present the temperature profiles during discharging process for different paraffin waxes PCM 1, PCM 2 and PCM 3 with different melting points as outlined in Table1 and with different initial discharging temperatures. It is quite clear from this figure that the rate of heat transfer from the paraffin wax to the heat transfer fluid is dependent upon the thermophysical and thermodynamic properties of the paraffin wax. Also this figure clearly shows that the discharging time has a functional dependence upon the type of paraffin wax.
Furthermore, during the charging process of paraffin wax as presented in Fig. 13 , the heat transferred from the paraffin wax to the heat transfer fluid is used to convert the liquid phase material into mushy and solid at the end of the discharging process. The total amount of heat transferred to the heat transfer fluid depends upon the condition of the paraffin wax and the heat transfer fluid thermal and thermophysical properties.
On the other hand, Fig. 14 illustrates that the discharging characteristics of paraffin wax depend upon the solar radiation used during the charging process and the higher the solar radiation the lower charging and consequently discharging time. Clearly, the results presented showed the required thermal energy to raise the water temperature that is influenced by solar radiation intensity. Furthermore, the water temperature is impacted by the amount of heat absorbed and released by the paraffin wax, Fig.  15 and 16 have been constructed to illustrate that effect, where the paraffin temperatures were plotted against the time to charge and discharge the paraffin wax at various solar radiations. It quite clear that higher solar radiation leads to higher paraffin wax temperatures and higher heat absorbed by the water and consequently the paraffin wax material. Obviously, the amount of heat absorbed that increases the temperature, depends mainly upon the solar radiation,and the thermal and thermophysical properties of the paraffin wax. As illustrated in the previous figures, the amount of heat absorbed and its impact on the paraffin wax temperature is significantly influenced by the solar radiation and the water flow rate circulating in the solar collector heat exchanger. Therefore, figures 14 and 15 have been constructed to show the impact of the Paraffin wax temperature at various water flows. The figures show that higher water flow rate yields to higher paraffin wax temperature during the charging process. However, during the discharging process, the results presented in Fig. 16 illustrate that higher water flow rates result in low paraffin wax temperatures. Furthermore, Fig. 17 and 18 display the amount of heat absorbed by paraffin wax during the charging and discharging process at solar radiation 550 W/m 2. The results presented in these two figures show that the heat absorbed during the charging process increases at higher water mass flow rates and decreases at during discharging process at higher water mass flow rates. Similar behaviour has been observed for other paraffin waxes under study. [12] during charging process. [12] during discharging process.
Fig. 19. Comparison of predicted results and data

Fig. 20. Comparison of predicted results and data
Fig. 21. Comparison of energy conversion efficiency of various paraffin waxes
Finally, in order to validate the model prediction, Fig. 19 and 20 have been constructed to compare the model prediction with data available in the literature. To our knowledge, the only data available on the integrated paraffin wax in solar plate collector is Thailb et al. reference [12] . His experimental investigation was conducted in open filed located at Syiah Kuala University. The water temperature, absorber plate (paraffin wax) and solar intensity radiation were measured and recorded every 10 minutes. The maximum temperature of hot water produced by solar collector equipped with paraffin was 70°C. The predicted results were compared to the paraffin temperatures T3 and T6 recorded in the middle and end of the solar collector, respectively.
Furthermore, the data presented in Fig. 19 also showed that data stabilized after 90 minutes and the data and continued to be over-predicted. This was attributed to the fact that our model did not include heat losses along the collector heat exchanger and therefore, better prediction was obtained at the middle of the heat exchanger T3 compared to end of the heat exchanger T6. In addition, it can be observed that after 3 hours the heat transfer rate stabilized and the model was in fair agreement with data of T3 and T6. The numerical model's prediction showed that the phase change material was fully melted after 310 minutes since the charging cycle started. At this point, there was a fair agreement with the experimental data. Furthermore, Fig.  19 also showed that in general the model prediction of the total energy transferred to the paraffin wax material integrated in the solar collector was satisfactory, during the charging phase.
Similarly, the data displayed in Fig. 20 showed that during the discharging process the proposed model fairly predicted data in the middle T3 compared to the end of each heat exchanger tube T6. This is attributed to the fact that the cooling rate was faster and the effect of heat losses was small at the middle of the heat exchanger.
Finally, Fig. 21 has been constructed to compare the thermal storage energy conversion efficiencies of different paraffin waxes. In this figure the efficiencies of three paraffin waxes were presented; paraffin-1, paraffin-2 and paraffin-3 [Tab. 1]. The energy conversion efficiency is defined as the ratio between the discharge heat to the charging heat of paraffin wax. The results presented in this figure, clearly show that the higher the efficiency the lower the melting point and the ability to discharge more heat to the heat transfer fluid.
Conclusions
During the course of this study, the heat transfer characteristics of paraffin wax phase change material integrated in solar collector in a thermal storage process have been modeled, presented and analyzed as well as compared to experimental data at different inlet conditions. In general, the numerical model presented fairly predicted the heat transfer characteristics during phase change material and interactions between the heat transfer fluid and compared well with the experimental data.
The results presented also showed that the heat absorbed during the charging process increases at higher water mass flow rates and decreases at during discharging process at higher water mass flow rates. Similar behaviour has been observed for other paraffin waxes under investigation in this study. 
